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In  this  study,  an  advantageous  method  of  methanol  oxidation  is  developed  using  a  nanoporous  structured 
PtRuNi  trimetallic  catalyst  fabricated  by  dealloying  Ni  from  a  high  Ni-content  PtRuNi  alloy  precursor. 
Transmission  electron  microscopy  (TEM),  X-ray  diffraction  (XRD)  and  X-ray  photoelectron  spectroscopy 
(XPS)  are  used  for  catalyst  characterization.  The  nanoporous  PtRuNi  trimetallic  catalyst  shows  enhanced 
CO  oxidation,  higher  activity  and  better  stability  than  solid  commercial  PtRu/C  catalyst.  The  method 
developed  in  this  study  is  well  suited  to  synthesize  other  high  performance,  nanoporous-structured, 
multimetallic  electrocatalysts  for  fuel  cells. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

For  effective  production  of  electrochemical  energy  using  direct 
methanol  fuel  cells  (DMFC),  stable  and  efficient  electrocatalysts  are 
critically  required  and  fundamental  progress  in  catalyst  design  is 
still  needed  to  achieve  this  goal  [1  ]. 

The  high  surface  area  and  unique  chemical  activity  of 
nanoporous  metals  have  great  potential  as  catalysts  [2]  and  have 
attracted  much  attention  for  methanol  oxidation  [3-8].  By  mak¬ 
ing  nanoparticles  nanoporous,  their  performance  can  be  improved 
due  to  their  reduced  density  and  increased  surface  area.  At  the 
same  time,  PtRuM  (M  =  Fe,  Co,  Ni)  trimetallic  alloy  electrocatalysts, 
which  are  more  active  than  the  state-of-the-art  PtRu  electrocatalyst 
for  methanol  oxidation,  have  attracted  much  attention  because  the 
third  metal  of  the  alloy  can  act  as  a  promotion  agent  [9-15].  How- 
ever,  the  combination  of  a  nanoporous/trimetallic  system,  giving 
the  advantage  of  nanoporous  structure  and  the  superior  activity  of 
trimetallic  alloy  in  one  catalyst,  has  received  relatively  little  atten¬ 
tion. 

Many  previous  studies  show  that  Ni  can  modify  the  behavior 
of  the  PtRu/C  electrocatalyst  and  act  as  an  assistant  component 
[16,17].  However,  the  absence  of  Ni  in  the  initial  catalyst  com¬ 
position  also  avoids  potential  contamination  and  offers  better 
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performance  and  durability  [18].  In  the  present  work,  a  car¬ 
bon  supported  nanoporous  PtRuNi  trimetallic  catalyst  (denoted 
as  N-PtRuNi/C)  is  prepared  by  dealloying  Ni  from  high  (80%) 
Ni-content  PtRuNi  alloy  precursor  (denoted  as  P-PtRuNi/C).  The 
resultant  structure  retains  Ni  in  its  PtRuNi  core  and  is  covered 
by  a  Ni-depleated  nanoporous  PtRu  shell  structure.  The  high  sur¬ 
face  area  shell  and  presence  of  the  protected  inner  Ni-containing 
core  improves  the  utilization  of  precious  PtRu  metals  by  improving 
catalytic  activity.  The  results  presented  here  provide  considerable 
insight  into  the  nanoporous  multimetallic  system  and  paves  the 
way  for  its  application  in  fuel  cells. 

2.  Experimental 

2.1.  Catalyst  synthesis 

Firstly,  H2PtCl6  (65.6  mg),  RuC13  (33.8  mg),  NiCl2-6H20 
(240.4  mg)  and  sodium  citrate  (380.7  mg)  were  dissolved  in 
water,  stirred  for  0.5  h.  Then  the  pretreated  carbon  black  (150  mg) 
(Vulcan  XC-72R)  was  added,  stirred  and  treated  in  an  ultrasonic 
bath  for  0.5  h,  afterward,  20  ml  hydrazine  hydrate  was  added.  The 
solution  was  transferred  into  a  Teflon-lined  autoclave  and  heated 
at  120°C  for  4h,  then  centrifuged  and  washed  with  deionized 
water  until  no  chloride  anion  in  the  filtrate.  The  product  was  dried 
for  4h  in  vacuum  at  50  °C  and  then  annealed  under  flowing  N2 
and  H2  at  300  °C  for  1  h,  respectively.  It  is  denoted  as  P-PtRuNi/C. 
Secondly,  the  P-PtRuNi/C  was  added  to  a  flask  containing  H2S04 
solution  (6M,  30  ml)  and  stirred  for  24  h.  The  centrifuged  solution 
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is  green,  indicating  the  Ni  dissolved  from  the  P-PtRuNi/C.  The 
product  was  rinsed  several  times  with  ultrapure  water  and  dried 
in  vacuum  at  50  °C.  The  N-PtRuNi/C  was  obtained.  Commercial 
PtRu/C  was  used  as  a  reference  (Johnson  Matthey  Company,  30  wt% 
metal  loaded,  atom  ratio  Pt:Ru  =  1:1). 

2.2.  Characterization 

Transmission  electron  microscopy  (TEM)  measurements  were 
carried  out  on  a  JEM-2010  Electron  Microscope  (Japan)  and  the 
energy  dispersive  X-ray  analysis  (EDX)  technique  coupled  to 
TEM.  X-ray  diffraction  (XRD)  patterns  were  recorded  on  a  Rigaku 
D/Max-2400  (Japan)  diffractometer,  using  Cu  Ka  radiation  oper¬ 
ated  at  40  kV  and  100  mA.  X-ray  photoelectron  spectroscopy 
(XPS)  (Thi-5702  America)  is  a  monochromatic  Al  Ka  X-ray  source 
(hv  =  29.35  eV). 

The  electrochemical  experiments  were  performed  using  an 
Autolab  electrochemical  work  station  (PGSTAT128N,  Eco  Chemie, 
Netherlands).  A  conventional  three-electrode  cell  was  used,  includ¬ 
ing  an  Ag/AgCl  (3  M  KCl)  electrode  as  the  reference,  a  platinum 
wire  as  the  counter,  and  a  modified  glass  carbon  (5  mm  in 
diameter)  as  the  working  electrode.  All  potentials  presented  are 
quoted  with  respect  to  the  normal  hydrogen  electrode  (NHE). 
The  working  electrode  was  prepared  as  follows:  5  mg  cata¬ 
lyst  was  dispersed  ultrasonically  in  1  mL  Nafion/ethanol  (0.25% 
Nation).  8  fxL  suspensions  were  quantitatively  transferred  to  the 
surface  of  polished  glassy  carbon  electrode,  followed  by  drying 
in  air. 

The  CO  stripping  was  characterized  in  a  0.5  M  H2S04  solution. 
Two  consecutive  cycles  were  performed  to  oxidize  pre-adsorbed 
COads  on  catalysts,  and  CO  pre-adsorption  was  performed  with  bub¬ 
bling  carbon  monoxide  for  30  min.  Then  the  gas  was  switched  to 
N2  for  5  min  to  remove  physically  adsorbed  CO  from  the  gas  phase. 
Electrocatalytic  activities  for  methanol  oxidation  were  measured 
in  the  solution  of  0.5  M  H2S04  +  0.5  M  methanol.  The  solution  was 
purged  with  high-purity  N2  for  at  least  30  min  to  ensure  N2  satura¬ 
tion.  All  measurements  were  recorded  at  a  scan  rate  of  50  mV  s-1 
and  rotation  speed  of  300  rpm  after  a  stable  response  was  estab¬ 
lished  at  room  temperature. 

3.  Results  and  discussion 

Recently,  low-active-metal-content  trimetallic  alloys  have 
attracted  much  attention  as  electrocatalysts  for  fuel  cells  [10,11,14] 
while  less  attention  has  been  given  to  the  high-active-metal- 
content  multi-component  alloy  systems.  Using  alloy  corrosion 
under  appropriate  conditions,  nanoporous  nanostructures  with 
intriguing  properties  can  be  made  [4,6].  In  the  present  work,  we 
focus  on  the  fabrication  of  N-PtRuNi  trimetallic  catalyst.  The  fabri¬ 
cation  procedure  is  illustrated  in  Scheme  1.  Compared  to  precious 


metals  (Pt  and  Ru),  the  Ni  component  is  much  more  reactive  and 
is  therefore  easily  leached  out  in  acid.  Ni  atoms  were  etched  from 
high  (80%)  Ni-content  PtRuNi  alloy  precursor  to  leave  a  nanoporous 
structure  behind.  The  remaining  nanoporous  PtRu  shell  protects 
the  remaining  core  Ni  atoms  from  further  dissolving  thus  mak¬ 
ing  them  available  for  promoting  the  N-PtRuNi  catalyst  catalytic 
performance  via  electronic  interaction  in  the  final  catalyst.  The  pro¬ 
cedure  was  as  follows:  Pt,  Ru  and  Ni  were  first  deposited  onto  the 
carbon.  Then,  the  powders  were  heat-treated  at  300  °C  to  remove 
the  organic  moieties  and  etched  in  sulfuric  acid  for  24  h  at  room 
temperature.  Most  of  the  Ni  atoms  from  the  PtRuNi  alloy  dissolved, 
while  Ru  formed  the  PtRu  alloy  in  the  nanoporous  surface  with 
some  Ni  atoms  remaining  in  the  nanoporous  bulk  structure.  There¬ 
fore,  the  structure  and  composition  of  the  N-PtRuNi  trimetallic 
catalyst  should  be  ideal  for  methanol  oxidation. 

TEM  was  used  to  characterize  the  surface  morphologies  of  the 
synthesized  carbon  supported  nanoparticles.  As  can  be  seen,  P- 
PtRuNi  (Fig.  1A)  and  N-PtRuNi  nanoparticles  (Fig.  IB)  are  dispersed 
on  the  carbon  support.  Both  of  them  show  a  broader  size  distribu¬ 
tion  and  are  similarly  centered  around  60  nm  (bottom  right  corner). 
P-PtRuNi/C  nanoparticles  are  solid  (magnified  in  Fig.  1C),  while  the 
N-PtRuNi/C  nanoparticles  are  nanoporous  in  structure  (magnified 
in  Fig.  ID)  (black  regions  are  solid  metal  and  bright  regions  are 
pores)  due  to  the  etching  process.  The  EDX  analysis  spectra  indi¬ 
cated  that  most  of  Ni  atoms  were  excavated  by  dealloying.  The 
EDX  composition  of  P-PtRuNi  (Fig.  IE)  atom  ratio  is  1.0:1. 0:9.4 
(Pt:Ru:Ni),  while  the  N-PtRuNi  (Fig.  IF)  is  1.0:1. 1:2.3.  Therefore, 
dealloying  decreased  the  molar  percentage  of  Ni  from  82.45%  to 
23.25%.  Furthermore,  the  crystalline  feature  was  also  confirmed 
by  selected  area  electron  diffraction  pattern  (Fig.  1A  and  B  top 
left  corner).  The  P-PtRuNi  and  N-PtRuNi  catalysts  adopted  a  typ¬ 
ical  face-centered  cubic  (fee)  polycrystalline  structure.  However, 
the  crystalline  nature  of  the  N-PtRuNi  becomes  weak  compared  to 
P-PtRuNi  due  to  etching  process. 

XPS  was  employed  to  analyze  the  surface  composition  in  P- 
PtRuNi/C  and  N-PtRuNi/C  catalysts.  As  shown  in  Fig.  2A,  peaks  can 
be  readily  assigned  to  the  binding  energies  of  Pt  4f,  Ru  3d,  C 1  s,  Ru  3p 
and  Ols,  respectively  [  1 9,20].  The  C,  O,  Pt  and  Ru  are  revealed  in  all 
the  samples.  However,  the  bind  energy  of  Ni  2p  is  clearly  detected 
only  on  P-PtRuNi/C.  The  XPS  data  of  Ni  2p  and  Pt  4d  before  and 
after  dealloying  are  also  shown  in  Fig.  2B  and  C.  The  Ni  2p  spectrum 
shows  a  complicated  structure  adjacent  to  the  main  peaks  in  Fig.  2B, 
as  reported  [21],  which  is  attributed  to  multi-electron  excitation. 
Taking  into  account  that  the  escape  depth  of  the  photoelectrons  is 
about  3-4  nm  [21  ].  The  peaks  of  Ni  2p  disappear  almost  completely 
after  dealloying,  which  indicate  that  exposed  Ni  on  the  surface  of 
nanoparticle  diluted  and  that  remaining  Ni  is  buried  within  the 
nanoporous  bulk.  Additionally,  the  Pt  4f5/2  peaks  of  the  N-PtRuNi 
shift  toward  higher  binding  energy  in  Fig.  2C,  suggesting  that  the 
electronic  structure  of  Pt  is  influenced  by  the  Ru  and  Ni  component 


Scheme  1.  The  designed  protocol  for  N-PtRuNi/C  catalyst. 
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Fig.  1.  (A)  TEM  image  of  the  as-prepared  P-PtRuNi/C  and  (B)  N-PtRuNi/C.  Inserts  in  A  and  B:  the  corresponding  selected  area  electron  diffraction  (top  left  corner)  and  particle 
size  distribution  histograms  of  catalysts  (bottom  right  corner);  (C)  the  magnification  of  the  as-prepared  P-PtRuNi/C  and  (D)  N-PtRuNi/C;  (E)  EDX  of  the  as-prepared  P-PtRuNi/C 
and  (F)  N-PtRuNi/C. 


in  the  bulk,  which  can  improve  the  catalytic  activity  of  Pt  in  terms 
of  the  methanol  adsorption/dehydrogenation,  activation  of  water, 
and  CO  tolerance  [6]. 

XRD  was  used  to  analyze  the  crystalline  structure  of  N-PtRuNi/C 
and  P-PtRuNi/C  The  corresponding  XRD  patterns  are  shown  in 
Fig.  2D.  The  first  broad  peak  at  24.8°,  associated  with  the  Vulcan 
XC-72R  support.  Other  remaining  peaks  are  consistent  with  a  typi¬ 
cal  face-centered  cubic  (fee)  structure.  It  is  worthwhile  to  note  that, 
the  (111)  plane  of  N-PtRuNi/C  shifts  to  lower  20  value  compared 
to  that  of  P-PtRuNi/C  after  being  dealloyed.  Furthermore,  the  (111) 
peak  is  relatively  decreased,  which  reveals  a  decrease  in  the  crys¬ 


tallinity  of  initial  P-PtRuNi/C.  All  the  results  strongly  suggest  that 
the  Ni  dissolved  from  the  P-PtRuNi/C  alloy  phase. 

CO  oxidation  (stripping  analysis)  provides  valuable  informa¬ 
tion  about  the  nature  of  the  samples.  Both  the  amount  of  exposed 
metal  phase  and  the  degree  of  alloying  can  be  inferred  (to  a  certain 
extent)  from  the  stripping  analysis.  The  CO  stripping  is  compared 
in  Fig.  3 A.  A  broad  peak  appears  during  the  first  scan  and  disap¬ 
pears  in  the  subsequent  scan,  indicating  that  the  adsorbed  CO  is 
completely  oxidized  during  the  first  forward  scan.  The  CO  peak  of 
N-PtRuNi/C  is  located  at  0.59  V,  which  is  more  negative  than  that 
of  solid  PtRu/C  (0.70  V).  The  onset  potential  for  CO  oxidation  on  N- 
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Fig.  2.  (A)  XPS  spectrums  of  the  P-PtRuNi/C  and  N-PtRuNi/C;  (B)  Ni  2p  XPS  spectrums  of  the  P-PtRuNi/C  and  N-PtRuNi/C;  (C)  Pt  4f  XPS  spectrums  of  the  P-PtRuNi/C  and 
N-PtRuNi/C.  The  dotted  line  at  71.2  eV  is  pure  Pt  4f5/2  peak;  (D)  XRD  patterns  of  P-PtRuNi/C  and  N-PtRuNi/C. 
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Fig.  3.  (A)  Cyclic  voltammograms  for  CO  stripping  on  the  solid  PtRu/C  and  N-PtRuNi/C  catalysts;  (B)  cyclic  voltammograms  for  methanol  oxidation  on  the  solid  PtRu/C  and 
N-PtRuNi/C  catalysts;  (C)  chronoamperometric  curves  of  methanol  oxidation  on  the  solid  PtRu/C  and  N-PtRuNi/C  catalysts  for  3000  s.  Fixed  potential:  0.8  V  (vs.  NHE);  (D) 
chronoamperometry  current  of  methanol  oxidation  on  the  solid  PtRu/C  and  N-PtRuNi/C  catalysts  after  3000  s. 
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PtRuNi/C  (0.40  V)  is  about  70  mV  lower  than  that  on  solid  PtRu/C 
(0.47  V).  CO  is  a  very  stable  intermediate  resulting  from  methanol 
decomposition  while  simultaneously  being  a  strong  poison  for  the 
Pt-based  electrode  and  thus  reducing  its  activity  [22].  These  result 
indicating  a  more  facile  CO  removal  of  the  N-PtRuNi/C  catalyst,  and 
hence,  an  improved  CO  tolerance  in  practice. 

CO  electrooxidation  is  significantly  effected  by  the  Ru  and 
Ni  [6,16].  There  is  electron  transfer  from  nickel  to  platinum  in 
PtNi  and  probably  from  ruthenium  to  platinum  in  PtRu,  in  agree¬ 
ment  with  the  electronegativity  series  for  Ni,  Ru  and  Pt  [23].  The 
electron  transfer  may  contribute  to  the  decay  of  Pt-CO  binding 
energy  and  enhance  the  formation  of  intermediates  from  methanol 
electrooxidation.  The  underlayed  Ni  and  alloyed  Ru  in  the  N- 
PtRuNi/C  catalyst  would  be  play  an  important  role  for  improved  CO 
tolerance. 

From  the  TEM  results,  N-PtRuNi/C  particles  are  much  bigger 
than  those  of  solid  PtRu/C  (3.5  nm).  However,  based  on  the  assump¬ 
tion  of  420  mC  cm-1  surface  charges  for  linearly  adsorbed  CO  [24], 
the  electrochemical  surface  areas  for  N-PtRuNi/C  and  solid  PtRu/C 
catalysts  are  estimated  as  24.4  m-2  g-1  PtRu  and  34.1  m-2  g-1  PtRu 
individually,  which  can  be  attributed  to  nanoporous  structure  hav¬ 
ing  a  much  higher  specific  area  than  a  solid  one. 

Methanol  electrooxidation  was  used  as  a  test  reaction  to  evalu¬ 
ate  catalyst  activity.  As  most  of  the  Ni  atoms  from  the  P-PtRuNi/C 
were  dissolved  and  the  solid  nanoparticle  becomes  a  nanoporous 
one.  The  current  density  was  normalized  according  to  the  amount 
of  PtRu  for  methanol  electrooxidation,  shown  in  Fig.  3B.  The  peak 
currents  of  the  N-PtRuNi/C  and  PtRu/C  catalysts  are  0.1 5227  A  mg-1 
PtRu  and  0.07818  A  mg-1  PtRu,  respectively.  It  is  clear  that  the  cat¬ 
alytic  activity  of  the  N-PtRuNi/C  is  1.9  times  than  that  of  PtRu/C. 
On  the  basis  of  the  current  prices  of  PtRu,  the  reduction  cost  of 
the  N-PtRuNi/C  is  about  50%  of  the  price  of  the  commercial  PtRu/C 
electrocatalyst  price.  As  to  the  origin  of  the  enhanced  performance 
of  N-PtRuNi  catalyst,  the  underlayed  Ni  may  provide  an  electronic 
modification  for  the  topmost  metal  layer,  and  the  nanoporous 
structure  provides  more  surface  area. 

Chronoamperometry  was  used  to  further  investigate  the  activ¬ 
ity  of  N-PtRuNi/C  for  practical  application  shown  in  Fig.  3C.  As 
expected,  the  initial  current  density  for  N-PtRuNi/C  is  much  greater 
than  that  for  the  solid  commercial  PtRu/C,  indicating  a  greater  num¬ 
ber  of  active  sites  available  per  unit  of  surface  area.  Furthermore, 
methanol  oxidation  current  on  N-PtRuNi/C  (0.00379  A  mg-1  PtRu) 
after  3000  s  (Fig.  3D)  is  higher  than  that  on  PtRu/C  (0.00207  A  mg-1 
PtRu).  This  also  clearly  demonstrates  a  higher  utilization  of  PtRu 
metal  in  the  N-PtRuNi/C  catalyst. 

From  a  practical  point  of  view,  the  stability  of  the  material  in  a 
DMFC  environment  is  very  important.  Therefore,  the  stability  was 
also  evaluated  by  monitoring  the  loss  of  current  as  shown  in  Fig.  4A. 
It  is  obvious  that  the  rate  of  the  degradation  of  the  solid  PtRu/C 
catalyst  is  higher  than  that  of  the  N-PtRuNi/C  catalyst  (78.1%  vs. 
64.1%).  Based  on  the  PtRu  mass,  after  500  cycles  the  current  den¬ 
sity  of  N-PtRuNi/C  at  peak  potentials  (0.0927  A  mg-1  PtRu)  is  still 
1.99  times  higher  than  solid  PtRu/C  catalyst  (0.0465  A  mg-1  PtRu), 
further  indicating  that  the  present  N-PtRuNi/C  catalyst  has  good 
stability. 

Tafel  plots  of  the  methanol  oxidation  on  the  solid  PtRu/C  and  N- 
PtRuNi/C  catalysts  are  shown  in  Fig.  4B.  The  first  fitted  Tafel  slopes 
are  101.0  and  103.5  mV  dec-1  for  N-PtRuNi/C  and  solid  PtRu/C 
at  low  potentials  (<0.65  V  vs.  NHE),  respectively.  While  the  sec¬ 
ond  Tafel  slopes  are  202.3  and  220.3  mV  dec-1  at  high  potentials 
(0.65-0.75  V,  vs.  NHE).  The  second  slopes  are  almost  double  the  first 
ones,  indicating  a  possible  change  of  reaction  mechanism  or  at  least 
a  transformation  of  rate-determining  step  at  different  potentials 
range  [25]. 

In  the  first  region  at  low  potentials,  the  fitted  Tafel  slopes  of 
solid  PtRu/C  and  N-PtRuNi/C  catalysts  are  very  close  to  the  theoret- 
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Fig.  4.  (A)  Decreases  of  peak  currents  of  solid  PtRu/C  and  N-PtRuNi/C  catalysts  on 
potential  cycling  in  0.5  mol  L-1  CH3OH  +  0.5  molL-1  H2SO4  between  0  and  0.8  V; 
(B)  Tafel  plots  of  methanol  oxidation  on  solid  PtRu/C  and  N-PtRuNi/C  catalysts  in 
0.5molL_1  CH3OH  +  0.5molL_1  H2SO4  solution  under  N2  atmosphere.  Scan  rate: 
5  mV  s_1. 


ical  value  (118  mV  dec-1)  [26]  and  that  of  previously  reported  data 
(110-140  mV  dec-1)  [27,28].  This  indicates  that  the  unit  reaction 
involving  the  splitting  of  the  first  C-H  bond  of  methanol  molecules 
with  the  first  electron  transfer  is  the  rate-determining  step  at 
low  potentials  [26].  With  increasing  potential,  the  adsorbed  CO- 
like  residues  are  gradually  oxidized  and  thus  the  active  sites  on 
platinum  are  cleaned  up  for  the  subsequent  methanol  dehydro¬ 
genation  reaction.  The  change  in  the  second  Tafel  slopes  may  be 
attributed  to  the  insufficient  compensation  of  methanol  oxidation 
for  the  rapid  oxidation  reaction  on  the  electrode  surface,  and  mass 
transfer  of  methanol  at  high  potential  is  hypothesized  to  be  the 
rate-determining  step  [29]. 

As  can  be  seen  from  the  above  results,  the  performance  of  the 
N-PtRuNi/C  catalyst  was  better  than  that  of  the  solid  PtRu/C  cata¬ 
lyst  for  methanol  electrooxidation.  Meanwhile,  the  N-PtRuNi/C  and 
solid  PtRu/C  catalysts  had  the  same  contents  of  Pt  and  Ru.  Both  the 
nature  of  underlayer  Ni  and  the  nanoporous  structure  may  play  a 
marked  role  in  the  performance  and  promotion  of  methanol  elec¬ 
trooxidation.  Therefore,  the  enhanced  electrocatalytic  activity  of 
the  N-PtRuNi/C  electrode  may  result  from  the  Ni  element.  The  Ni 
could  plays  two  important  roles:  (i)  Acid  leaching  of  Ni  forms  a 
porous  structure,  which  provides  more  specific  area  for  methanol 
electrooxidation;  (ii)  as  in  the  PtRuNi  catalyst  [16-18],  the  remain¬ 
ing  underlayed  Ni  modifies  the  behavior  of  PtRu/C  electrocatalyst 
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and  acts  as  an  assistant  component  for  enhanced  CO  oxidation  and 
methanol  oxidation. 

4.  Conclusions 

Carbon  supported  N-PtRuNi  catalyst,  prepared  by  dealloying 
Ni  from  high  Ni-content  P-PtRuNi  alloy,  showed  enhanced  CO 
oxidation,  higher  activity  and  better  stability  than  that  of  solid 
PtRu/C  catalyst  for  methanol  oxidation.  Because  the  trimetallic 
alloy  nanoporous  nanostructure  has  relatively  lower  densities  and 
higher  surface  areas  than  solid  counterparts,  and  thus  improved 
performance,  this  strategy  is  well  suited  to  synthesize  other  excel¬ 
lent  electrocatalysts  for  fuel  cells.  Considering  the  advantages  of 
higher  utilization  of  PtRu  and  the  enhanced  electrocatalytic  activ¬ 
ity  and  stability,  the  N-PtRuNi/C  is  a  promising  electrocatalyst  for 
use  in  DMFC. 
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